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Integrating patterned, low-loss magnetic materials into microwave devices and circuits presents many challenges due to
the specific conditions that are required to grow ferrite materials, driving the need for flip-chip and other indirect fabri-
cation techniques. The low-loss (α = (3.98±0.22)×10−5), room-temperature ferrimagnetic coordination compound
vanadium tetracyanoethylene (V[TCNE]x) is a promising new material for these applications that is potentially com-
patible with semiconductor processing. Here we present the deposition, patterning, and characterization of V[TCNE]x
thin films with lateral dimensions ranging from 1 micron to several millimeters. We employ electron-beam lithog-
raphy and liftoff using an aluminum encapsulated poly(methyl methacrylate), poly(methyl methacrylate-methacrylic
acid) copolymer bilayer (PMMA/P(MMA-MAA)) on sapphire and silicon. This process can be trivially extended to
other common semiconductor substrates. Films patterned via this method maintain low-loss characteristics down to
25 microns with only a factor of 2 increase down to 5 microns. A rich structure of thickness and radially confined
spin-wave modes reveals the quality of the patterned films. Further fitting, simulation, and analytic analysis provides
an exchange stiffness, Aex = (2.2±0.5)×10−10 erg/cm, as well as insights into the mode character and surface spin
pinning. Below a micron, the deposition is non-conformal, which leads to interesting and potentially useful changes
in morphology. This work establishes the versatility of V[TCNE]x for applications requiring highly coherent magnetic
excitations ranging from microwave communication to quantum information.
Interest in low-loss magnetic thin films has been grow-
ing due to potential applications in magnonics and quan-
tum information as well as the potential for compact, high-
efficiency magnetoelectric devices.1–3 In the field of magnon-
ics and spintronics, yttrium iron garnet (Y3Fe5O12, YIG),
an electrically insulating ferrite that exhibits extremely low
Gilbert damping, α ≈ 6×10−5 and a linewidth of 3.4 G
at 9.6 GHz for pristine nanometer-thick films, is currently
the leading material for magnetoelectronic circuits.4,5 The
low-damping present in YIG films has led to its incorpora-
tion in magnetoelectric circuits and it also plays a promi-
nent role in the study of magnonics research.2,6–9 Pattern-
ing of YIG, however, presents a challenge. When patterned,
the damping increases to α ≈ 4×10−4 to 8.74×10−4 for
ion-milled films,10,11 and α ≈ 2.9×10−4 to 5×10−4 for
liftoff-based films.12–14 Furthermore, post-growth annealing
steps at temperatures as high as 850 ◦C are generally re-
quired to attain even these degraded damping values, and the
lowest damping values are only achieved for films deposited
on the lattice-matching substrate gadolinium gallium garnet
(Gd3Ga5O12, GGG), both of which provide strict limits on di-
rect integration with functional devices.15–17 Vanadium tetra-
cyanoethylene (V[TCNE]x, x≈ 2), on the other hand, is a low-
loss (sub-Gauss linewidth at 9.83 GHz), room-temperature
(Tc = 600 K) ferrimagnet that can be deposited optimally at
50 ◦C and 30 mmHg without the need for lattice matching.18,19
These relatively benign deposition conditions allow for depo-
sition on a wide variety of substrates and pre-patterned cir-
cuits, positioning V[TCNE]x as an exciting option for on-chip
magnetic and magnonic device incorporation.20–22 However,
realizing this promise has been limited by the lack of tech-
niques for patterning V[TCNE]x films at micron to sub-micron
length scales.
Here we present a method for depositing and patterning
V[TCNE]x using standard electron-beam lithography tech-
niques with additional steps to preserve its high Tc and low-
loss characteristics. The primary hurdles to micron-scale pat-
tering of V[TCNE]x are its sensitivity to oxygen and solvents
traditionally used in fabrication. Our past work has addressed
air-sensitivity via encapsulation in a commercial organic light-
emitting diode (OLED) epoxy, increasing its lifetime in air
from hours to months,23 and there are other commercial op-
tions, such as potting,24 that promise to protect films indefi-
nitely. This leaves solvent sensitivity, which inhibits the use
of traditional patterning techniques for two reasons: i) the
presence of solvent in the resist layer inhibits the deposition
of V[TCNE]x as the solvent outgasses during growth, and ii)
liftoff requires a solvent soak that will in general destroy or
degrade the CVD-grown V[TCNE]x film. Here we address
both of these challenges by using a thin AlOx encapsulating
layer for the resist and identifying a V[TCNE]x-compatible
solvent, respectively, demonstrating micron-scale patterning
of V[TCNE]x films with no apparent increase in microwave
loss. The patterned structures are characterized by scanning
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2electron microscopy (SEM) and by a combination of ferro-
magnetic resonance (FMR) and comparison with micromag-
netic simulations and analytic calculations.
The CVD thin-film growth process typically results in
a smooth blue-black V[TCNE]x film uniformly distributed
across the substrate surface. When a resist is applied to the
substrate before growth, however, V[TCNE]x deposition re-
sults in non-uniform coverage and poor V[TCNE]x quality.
This is attributed to chemical reactions between the released
solvents and the precursors (tetracyanoethylene and vana-
dium hexacarbonyl). Solvents present in common resists in-
cluding LOR, MICROPOSIT S1800 series, and poly(methyl
methacrylate) result in macroscopically inconsistent deposi-
tion of V[TCNE]x across the resist’s surface as well as inside
patterned areas. In order to address this solvent sensitivity, a
3 nm layer of aluminum is thermally deposited after develop-
ment to encapsulate the resist layer. The aluminum is then ox-
idized with a ten-minute ultraviolet ozone clean in a UVOCS
T10x10/OES prior to V[TCNE]x deposition.
In prior V[TCNE]x precipitation synthesis studies,
25–27 sev-
eral solvents have been shown to precipitate V[TCNE]x with
a modest impact on the Tc of the resulting powder. Since
dichloromethane has a small impact on V[TCNE]x quality
and readily dissolves poly(methyl methacrylate) (PMMA) and
poly(methyl methacrylate-methacrylic acid 8.5%) (P(MMA
8.5 MAA)) at room temperature, this is the resist-solvent
pair chosen to address the challenge of solvent based liftoff.
Specifically, this work focuses on 495PMMA A6 on MMA
(8.5) MAA EL 11 as a resist bilayer (PMMA/P(MMA 8.5
MAA)) to additively pattern low-loss V[TCNE]x onto sap-
phire, with the understanding that this patterning process
should trivially extend to other inorganic substrates.28,29
Figure 1(a) shows the FMR response at 9.83 GHz of a
V[TCNE]x thin film before and after a 2.5-hour soak in
dichloromethane in a nitrogen atmosphere (< 10 ppm 02,
< 2 ppm H2O). The linewidth and lineshape of the resonance
are largely unchanged, indicating that there is little to no in-
corporation of dichloromethane into the CVD-grown film on
that timescale. The linewidth narrows slightly, possibly due
to changes in the ordering of the V[TCNE]x due to solvent
annealing.30 The V[TCNE]x growth morphology that results
from the above process is characterized by SEM and is shown
in Fig. 1(b-c). Unlike physical vapor deposition, CVD depo-
sition is driven by a combination of flow and diffusion. Fig-
ure 1(b) shows how the V[TCNE]x deposition is limited by
the flow characteristics through the patterned features. In par-
ticular, V[TCNE]x does not form vertical sidewalls but rather
forms gently sloped sidewalls at an angle of about 6◦ over
a distance of approximately a micron from the edge. This
leads to a parabolic profile, as one would expect from the ve-
locity profile resulting from laminar flow through a channel,
Fig. 1(c). These results suggest that there are likely opportuni-
ties to tune the structure profile by controlling channel width,
flow direction, resist height, and resist morphology. This
cross-sectional profile is difficult to achieve with other ma-
terial systems and deposition techniques,31 and it may prove
beneficial for studies of spin-wave confinement as it offers a
means to realize an approximation of an adiabatic boundary.
FIG. 1. (a) V[TCNE]x thin film FMR at 9.83 GHz and resonant
field of 3565 Oe before and after a 2.5-hour soak in dichloromethane
(CH2Cl2). SEM images of patterned V[TCNE]x film morphology be-
fore (b) and after (c) liftoff with dichloromethane reveal a parabolic
deposition morphology into a 2 µm wide channel. The parabolic
cross-section is highlighted with a dashed red line in (c).
Flow-limited deposition can, in principle, also lead to
anisotropy in patterned features based on alignment between
the flow direction and internal structure. Figure 2 shows vari-
ous patterned structures of V[TCNE]x that are designed to ex-
plore these effects. The images show that there is anisotropic
growth for several of the structures. The deposition time for
these samples is 1.0 hr, leading to a nominal thickness of 300
nm. All shapes in Fig. 2 have a faint outline that reveals the
ballistically deposited AlOx layer. In Figs. 2(g, j), a dashed
black semi-circle has been superimposed over the AlOx out-
line to make it easier to compare the AlOx and V[TCNE]x mor-
phology. The outline shows that there is little to no offset or
ellipticity present in the patterned 10 µm diameter V[TCNE]x
disk. Figure 2(h), however, shows significant anisotropy as
measured by the differences between the faint AlOx outline
and the V[TCNE]x pattern. The flow direction across the
shape is left to right with a 20◦ tilt towards the top. The flow
direction manifests in a more complete, laminar profile along
the top and bottom whereas eddies inhibit deposition in the
left and right interior edges. Laminar flow over a step predicts
an eddy approximately as wide as the step is tall.32,33 This is
consistent with the fact that the 540 nm thick PMMA/P(MMA
8.5 MAA)) bilayer results in a roughly 500 nm wide region of
reduced flow which leads to a taper in the morphology. This
effect is also seen in Figs. 2(c, f) where the concave features
at the corners see a reduction in deposition roughly 800 nm
3FIG. 2. Top view SEM images of various V[TCNE]x patterns after a
1.0 hr growth, about 300 nm thick. (a-f) Deposition morphology of
several shapes with various features ranging from concave to convex
to antidot. (g-h) Enhanced views of (e) and (b), respectively, show
that flow-induced anisotropy is present in the complex Block O shape
(h). (i-j) For features of order 1 micron or smaller, the restricted
flow begins to affect the pattern deposition. The black, dashed semi-
circles in (g) and (j) highlight the AlOx profile that is present for all
shapes.
away from the planned shape shown by each AlOx peak.
Figures 2(i, j) further explore the impacts of length scale on
gas flow and growth morphology using bars and disks. The
1 µm wide bar in Fig. 2(i) acts as a channel for gas flow, yield-
ing a parabolic deposition profile similar to Fig. 1(b, c) across
the shape and good filling of the ballistic profile when the
thickness of the bar in Fig. 2(i) is about 200 nm thick. In
contrast, the 1.77 µm diameter disk in Fig. 2(j) is visibly off-
center, with a 100 nm offset towards the top-left of the AlOx.
The deposition morphology in Fig. 2(j) resembles the eddy
flow structure from boundary-driven flow into a cavity with
a depth-to-width ratio of one-third, suggesting that flow over
the features is laminar and the resulting deposition shape and
cross-section can be simulated from flow.32,33 It may be pos-
sible to achieve smaller features by using thinner resist layers,
or by choosing pattern geometries that intentionally channel
the flow, but these approaches will be pattern specific and are
beyond the scope of this work.
To explore the utility of this patterning technique for
magnonic and magnetoelectric devices, the magnetization dy-
namics of these microstructures are studied using FMR. Mea-
surements are performed at room temperature in a Bruker
EPR spectrometer with the microwave frequency held near
9.83 GHz while the applied magnetic field is swept across
the V[TCNE]x resonance. Scans are then repeated for mul-
tiple polar angles, θ , from out-of-plane (θ = 0◦, OOP) to in-
plane (θ = 90◦, IP) and for multiple azimuthal angles, ϕ , from
parallel to the x-axis (ϕ = 0◦) to perpendicular to the x-axis
(ϕ = 90◦).
Figure 3 shows the results of FMR characterization of 1 µm
wide bars aligned parallel to the x-axis and 5 µm diameter
disks. The bars are spaced 20 µm center to center in a 1D
array and the disks are spaced 40 µm center to center in a 2D,
square array. The position of the uniform mode of the bars
(red) and disks (blue) is tracked as a function of orientation in
Figs. 3(b, c). The bars show a single-peaked resonance that
varies from 3550 to 3630 Oe as the structures are rotated IP
to OOP. The disks reveal a more complicated peak structure,
that suggests standing spin-wave modes are present, Fig. 3(i),
and exhibit a larger field difference between IP and OOP res-
onances. This difference is evident in Fig. 3(d) where the res-
onances are tracked through multiple high-symmetry direc-
tions, revealing the full anisotropy of these structures.
The formalism developed by Smit, Beljers, and Suhl34–36
is used to model this anisotropy. A Cartesian coordinate sys-
tem is defined with x parallel to the length, y parallel to the
width, and z parallel to the thickness of the bars as shown in
Fig. 3(a). By explicitly considering the Zeeman and magne-
tostatic contributions to the free energy, F , one derives the
expression,37,38
F =−MiHi+ 12MiNi jM j, (1)
where Hi are the components of the applied magnetic field,
Mi are the components of the magnetization, and Ni j are com-
ponents of the demagnetizing tensor, which leads to shape
anisotropy, with i, j,k defined with respect to pattern axes.
Solving for harmonic solutions with respect to time and min-
imizing F with respect to θ and ϕ yields
ω
γ
= {[H−4piMsNOP cos(2θ)]
× [H−4piMsNOP cos2(θ)−4piMsNIP cos(2ϕ)]
−16pi2M2sN2IP cos2(θ)cos2(ϕ)sin2(ϕ)
}1/2
, (2)
where
NOP ≡ Nz−Nx cos2(ϕ)−Ny sin2(ϕ), (3a)
4FIG. 3. Ferromagnetic resonance characterization of patterned
V[TCNE]x bars and disks. (a) Schematic of the measurement ge-
ometry for the array of 1 µm bars (red) and 5 µm disks (blue) of
V[TCNE]x. (b-c) FMR response vs. applied field for θ = 0
◦ to
θ = 180◦ with ϕ fixed along the x-axis. (d) Uniform mode peak posi-
tions (symbols) for three high-symmetry directions and correspond-
ing fit curves, Eq. 3. (e) Comparisons of experimental, analytic, and
simulated OOP FMR spectra. OOP disk linescan (top, blue) with
analytically calculated peak positions (top, black), thickness-mode
fitting (middle, red), and micromagnetic simulations (bottom, green)
with cross-sectional mode maps (bottom left, yellow and dark blue
represent positive and negative motion, respectively, at an instant of
time). Solid blue lines in middle panel indicate experimentally ob-
served odd-mode resonance fields and the symbols show the best fit
field values where the circled points (odd modes) were used for the
fits. Red dashed lines show predicted even-mode resonances.
NIP ≡ Nx−Ny, (3b)
Nx,Ny,Nz are the diagonal components of the demagnetizing
tensor, θ is the polar angle, and ϕ is the azimuthal angle
that the sample magnetization makes with the pattern axes,
Fig. 3(a). Equation 2 is derived assuming the demagnetiz-
ing field is parallel to the magnetization, so Ni j = Ni jδi j = Ni,
and that the magnetization, (θM,ϕM), is parallel to the applied
field, (θH ,ϕH), so only one set of angles is needed to describe
the magnetization and applied field, (θ ,ϕ). This approxima-
tion is validated by the fact that 4piMs for V[TCNE]x is less
than 95 G, and the applied magnetic fields used for these mea-
surements are 3500 to 3750 Oe. As a result, ~M is parallel to
~H to within 1.5 degrees for the experiments shown here.
The other potential source of anisotropy is the crystal field
which arises from the local coordination of the exchange inter-
action. For uniaxial crystal-field anisotropy, this crystal field
can be decomposed into components acting along the pattern
axes with the same angular dependence as the demagnetizing
anisotropy. As a result, the Ni that are extracted from the fit
to Eq. 2 are a combination of demagnetizing-field and crystal-
field components with the form
Ai ≡ Ni,extracted = Ni,demag+
Hi,crystal
4piMs
, (4)
where Ai is the observed anisotropy tensor component,
Ni,demag is the geometric demagnetizing tensor component,
and Hi,crystal is the additional crystal field along that axis.
Three anisotropy tensors are used to determine the strength
of the crystal field in the bars and the disks. The first,
Ai, f it , is generated from simultaneous fits to the three
red anisotropy curves in Fig. 3(d) from the bar array to
Eq. 2. These fits yield 4piMs = 76.57±1.67 G and
| γ2pi | = 2.742±0.040 MHz/Oe, which agree with literature
values,19,20 and Ax, f it = 0.00±0.01, Ay, f it =0.189±0.019,
and Az, f it = 0.707±0.026. The trace of this anisotropy tensor
is 0.896±0.046, indicating the magnitude of the crystal-field
contribution is 7.96±2.47 Oe. Using SEM measurements
to geometrically determine a pure demagnetizing tensor for
the bars, Nbari,demag, that does not include crystal-field effects
yields Nbarx,demag = 0, N
bar
y,demag = 0.21, and N
bar
z,demag = 0.79.
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Comparing the Ai, f it with these Nbari,demag, the z direction shows
the largest difference of 0.09, indicating this crystal field is
oriented along the z-axis of the bars. The magnitude of
this crystal field is consistent with previous measurements of
V[TCNE]x templated nanowires.
22 In addition to being self-
consistent, these results also predict the anisotropy curves for
the disks (blue lines in Fig. 3(d)). To test these fitting results, a
final demagnetizing tensor, Ndiski,demag, for the disk are calculated
as Ndiskx,demag = N
disk
y,demag = 0.028 and N
disk
z,demag = 0.944 based on
SEM measurements and demagnetizing expressions from the
literature.40 Combining this with the 4piMs and | γ2pi | values
from the previous fit results in the solid blue curves shown
in Fig. 3(d) with a combined reduced chi-squared value of
0.96. Adding crystal-field effects degrades the quality of the
reduced chi-squared value for Hdiskz,crystal > 0.7 Oe, indicating
the absence of crystal-field effects in the disks. These results
suggest the crystal-field contribution arises from anisotropic
relaxation in the patterned bars, which corroborates prior work
with V[TCNE]x nanowires where an additional in-plane crys-
tal field is reported due to anisotropy in the relaxation of the
templated structures.22
The more complicated spectra of the disks suggests that
the disks are acting as spin-wave cavities with complex in-
ternal mode structure, Fig. 3(e). Numerical simulations and
analytical calculations are carried out to better understand
this mode structure. To begin characterizing the mode struc-
5ture, the strongest experimental peaks are compared with the
odd analytic thickness modes predicted for a thin film in the
OOP geometry.41 The vertical blue lines in Fig. 3(e) repre-
sent the experimental peak values. Fitting to these peak val-
ues using the mode assignments indicated in Fig. 3(e) and
the parameters obtained from the FMR measurements yields
the red analytic curve and a value of the exchange stiff-
ness, Aex = (2.2±0.5)×10−10 erg/cm. The even thickness
modes, shown as dashed red lines, agree well with smaller
peaks within the experimental data. Analytic disk calculations
shown in black in Fig. 3(e) further describe the identity of
the quantum confined modes and agree well when using this
Aex. The exchange stiffness depends on Ms; an approximate
form, found by several means,42–44 is Aex ∝M2s . The exchange
length constant λex = 2Aexµ0M2s is therefore a better metric to use
to compare samples with different saturation magnetizations.
The difference between the exchange length from this study
of λex = 9.7 nm and the previously reported value of 21 nm20
could be due to differences in grain structure between the pat-
terned and unpatterned films44 as well as difficulty in mode
assignment, n, in prior work where fewer modes are visible.
Numeric modeling is performed using time-domain micro-
magnetic simulations with the open-source GPU-based soft-
ware MuMax3 while using the material parameters deter-
mined from the fits to the experimental data.45 The factors
that have the most relevant influence on the simulated peak
structure are (i) the sloped sidewalls that (a) have a strong ef-
fect on the shape of the lowest frequency set of peaks which
are comprised of a set of closely-spaced radially and lowest-
order thickness quantized modes and (b) apply an overall shift
to the thickness confined modes, (ii) the pinning conditions
of the surfaces that have a strong effect on the amplitudes
of the thickness-confined modes, and (iii) the exchange stiff-
ness, Aex, that controls the spacing between thickness quan-
tized modes. Sloped sidewalls are used in the simulations to
replicate the shape that occurs due to the slower growth rate
within 1 micron of the resist. The simulations show that the
position of the most prominent peak relative to the thickness-
confined modes is sensitive to the exact shape of the sidewalls
and the pinning conditions. To account for small differences
in the slope of simulated and experimental data, the higher-
order thickness modes are aligned with experiment instead
of the uniform mode in Fig. 3(e). Simulations with perfect
pinning at the top and bottom surfaces agree better with the
experimentally observed thickness and radial confined mode
structure as compared to simulations with top, bottom, or no
pinning; however, the close agreement between the calculated
even-mode resonance fields and several smaller peaks in the
experimental spectrum suggests that one of the surfaces likely
has slightly weaker pinning than the other. Additional simula-
tions can be found in the supplement. The resulting simulated
frequency response of the simulation is in green in Fig. 3(e)
along with several mode maps at peaks indicated by the green
arrows. These maps reveal quantization in the thickness and
radial directions in the tapered structure. The lower-order
thickness modes each show distinct radial quantization. The
n= 7 thickness mode, shows a nearly pure thickness quantiza-
tion and represents the sum of multiple closely-spaced radials
FIG. 4. Full-width at half-maximum linewidth vs resonant frequency
for various V[TCNE]x pattern sizes from thin films to 5 µm diame-
ter disks. All linewidths are extracted from the OOP geometry. All
growths were 1-hour long, resulting in a 300 nm thick film for the
5 µm film and 400 nm thickness for the rest. The patterned thin film
is a 2 mm by 2 mm patterned patch of V[TCNE]x.
modes that are excited simultaneously. The agreement be-
tween simulated and experimental spectra demonstrates con-
trol over the spin-wave mode structure and lays the foundation
for the study and application of magnon cavities with adia-
batic boundaries and engineered mode structures.
In addition to analyzing anisotropy and mode structure,
FMR can be used to determine the total magnetic loss, or
damping of these magnon modes. This damping potentially
contains both homogeneous and inhomogeneous sources as
parameterized via the Gilbert damping factor, α .46 The damp-
ing for the patterned V[TCNE]x films is measured via broad-
band ferromagnetic resonance (BFMR) performed in a cus-
tom built microstrip-based system wherein the applied mag-
netic field is held constant in the OOP geometry and the mi-
crowave frequency is swept across the V[TCNE]x resonance.
Figure 4 shows the linewidth vs frequency extracted for rep-
resentative samples of disks and unpatterned films, with ver-
tical lines indicated the error in the fits. Representative raw
data and fits can be found in the supplemental information.
The Gilbert damping is fit using Suhl’s expression for the full-
width at half-maximum (FWHM) FMR linewidth,34
∆H =
α
|dωres/dH|
γ
M
(
Fθθ +
1
sin2(θ)
Fϕϕ
)
, (5)
in combination with phenomenological inhomogeneous
broadening.47 This results in
∆H =
4piα
|γ| f +∆H0, (6)
when one uses θ = 0 for the OOP geometry.46 In Eq. 6, ∆H
is the FWHM linewidth of the resonance, α is the Gilbert
damping, and ∆H0 is the FWHM contribution from inhomo-
geneous broadening. The fits yield α = (3.98±0.22)×10−5
for unpatterned films, α = (4.60±0.44)×10−5 for 25 µm fea-
tures, and α = (8.34±0.77)×10−5 for 5 µm disks. The thin-
film damping result of (3.98±0.22)×10−5 places V[TCNE]x
6films comfortably alongside YIG films as the lowest magnetic
damping material currently available, and the retention of
that ultra-low damping after patterning is considerably better
than the reported values for patterned YIG structures.10–14 In
addition to low-damping, the high-frequency measurements
of the thin film and 25 µm disks have Quality (Q) factors,
f
∆ f , of over 3,700, competitive with Q factors for YIG thin
films.48 Retaining ultra-low damping and high Q in patterned
V[TCNE]x for features as small as 25 µm and as large as mil-
limeters, both relevant length scales for many magnonic cavity
applications,3,14,49–52 combined with the flexibility to deposit
on most inorganic substrates, positions V[TCNE]x to comple-
ment YIG in magnonic and magnetoelectric devices where in-
tegration of GGG or high-temperature annealing steps is lim-
iting, such as for small form factors and on-chip integration.
In summary, this work demonstrates a method for pat-
terning the ferrimagnetic coordination compound vanadium
tetracyanoethylene. Standard electron-beam lithography
of PMMA/P(MMA-MAA) bilayers is used in conjunction
with pre-growth aluminum encapsulation and post-growth
dichloromethane liftoff to pattern V[TCNE]x thin films with
no degradation of the microwave magnetic properties. The
sidewalls of structures patterned in this way are sloped, al-
lowing for the investigation and quantitative modeling of spin-
wave confinement in magnetic structures with soft boundary
conditions. Patterned V[TCNE]x films with features down to
25 µm exhibit a high Q of over 3,700 and ultra-low damp-
ing of (4.60±0.44)×10−5 which are competitive with un-
patterned YIG and lower than all existing reports of patterned
YIG microstructures.10–14 The versatility of the patterning and
deposition conditions of V[TCNE]x, in combination with its
ultra-low magnetic damping, position V[TCNE]x as a promis-
ing candidate for incorporation into magnetoelectric devices
where low-loss, highly coherent, magnon excitation are desir-
able. Such applications range from microwave communica-
tions to quantum information.
SUPPLEMENTARY MATERIALS
See supplementary material for the a detailed description
of sample fabrication, measurement techniques, simulations,
and analytic calculations.
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PATTERNING AND MEASUREMENT METHODS
Patterning and Growth
V[TCNE]x bars and disks are patterned on commercially available C-plane polished sapphire
(Al2O3) via electron-beam lithographic techniques. The substrates are cleaned with a solvent
chain of acetone, methanol, isopropanol (IPA), and deionized water (DI water) followed by a 20
minute ultraviolet ozone clean (UVOC) in a UVOCS T10x10/OES to degrease and remove organic
contaminants. A 400 nm layer of MMA (8.5) MAA EL 11 (P(MMA-MAA)) is spun on at 2000
rpm for 45 seconds then soft baked at 180 ◦C for 300 seconds. A 140 nm layer of 495PMMA
A6 (PMMA) is then spun on at 2000 rpm for 45 seconds then soft baked at 180 ◦C for 60 sec-
onds. A 10 nm thick layer of aluminum is deposited via thermal deposition at 1×10−6 Torr.
The electron-beam patterning of the PMMA/P(MMA-MAA) bilayer is performed on a FEI Helios
Nanolab 600 Dual Beam Focused Ion Beam/Scanning Electron Microscope with the assistance of
Nanometer Pattern Generation System (NPGS) software. Development of the written pattern is
achieved with Microposit MF-319 for 40 seconds, DI water for 20 seconds, MF-319 for 40 sec-
onds, DI water for 20 seconds, Microchem MIBK:IPA (1:3) for 60 seconds, IPA for 20 seconds,
DI water for 20 seconds. That is followed by a 120 second hard bake at 100 ◦C. A 3 nm thick layer
of aluminum is then deposited in the same system as the prior 10 nm layer to prevent outgassing
of the PMMA/P(MMA-MAA) bilayer during V[TCNE]x deposition. The sample is oxidized and
cleaned with a 10-minute UVOC. This oxidizes the surface of the 3 nm aluminum layer and re-
moves potential small sources of contamination from the growth surfaces. Growth of V[TCNE]x
is described in previous work.1 After transfer of the films from the growth glovebox to the liftoff
glovebox, liftoff is performed in dichloromethane. For the feature sizes and thicknesses used here,
liftoff occurred in a few minutes with gentle agitation from a Pasteur pipette.
Microwave Measurements
Angle-resolved ferromagnetic resonance (FMR) measurements are done with a Bruker electron
paramagnetic resonance spectrometer with an X-band bridge and 10 kOe electromagnet. Before
measurement, the V[TCNE]x samples are sealed into a quartz tube with a ceramic holder that aligns
the normal plane of the sample. Between each scan, the microwave frequency is tuned between
9 and 10 GHz to match the resonant frequency of the loaded cavity. The frequency is fixed and
2
measurements are then performed by sweeping the static field with 200 µW of applied microwave
power and a modulation field of 0.1 Oe. The quartz tube has a pointer fixed to it, allowing for
alignment within 0.5 degrees of the sample with respect to a custom made goniometer. The larger
error of ±2 degrees seen in Fig. 3(d) comes from the initial aligning the goniometer with the
in-plane (IP, θ = 90) orientation of the V[TCNE]x film. The IP orientation is taken to be the point
where the resonance field is at its minimum.
Frequency-resolved microwave measurements are done with a broadband ferromagnetic res-
onance (BFMR) setup with a B4003-8M-50 microstrip test board from Southwest Microwave
that is sourced by an Agilent N5222A vector network analyzer (VNA), transduced via a Krytar
203BK Schottky diode, and measured with an Ametek 7265 Dual Phase DSP lock-in amplifier.
The microstrip is positioned inside a 10 kOe electromagnet in the out-of-plane (OOP, θ = 0) field
geometry. Measurements are performed with an input power of -10 dBm and a modulation field
of roughly 0.1 Oe oscillating at 577 Hz.
3
NUMERICAL MODELING
Micromagnetic simulations are done to gain insight into the measured FMR spectra. The
micromagnetic simulations are done using MuMax32 with the following parameters for the
V[TCNE]x: saturation magnetization 4piMs = 76.57 G (6093 A/m), exchange constant Aex =
2.2×10−10 erg/cm (2.2×10−15 J/m), and a damping parameter of α = 0.0001, where α is
larger than the smallest measured damping value for V[TCNE]x and was chosen to ensure that the
simulations would converge in a reasonable amount of time. Cells of 40 x 40 x 4.6875 nm3 are
used. Selected simulations are repeated with smaller cells with similar results because the 40 nm
cell sizes are still small compared to the wavelengths of the spin-wave modes. Aex is determined
by fitting the mode spacing of the thickness confined modes from the OOP spectra of the disks
blue anisotropy curves in Fig. 3(c). Fitting is done to theory from Kalinikos et al.3 and is shown
in Fig. 3(e). Fitting for fully pinned and fully unpinned geometries yielded the same value for Aex.
The simulations are done with the static field, Hbias, applied OOP. The field magnitudes are
chosen to result in a resonance frequency near 9.83 GHz to be similar to the measurement fre-
quency used in the experiments. The structures are relaxed in the presence of Hbias and a small
additional field Hdynam of roughly 50 Oe, chosen such that the spins tilt by about 1% from the
static equilibrium position, is applied in the x-direction. The dynamics are monitored as a func-
tion of time after removing Hdynam and the simulated spectra are obtained by taking the Fourier
transforms of the x-component of the magnetization for each run. Mode profiles are calculated for
selected peaks in the spectra by running driven simulations at the selected resonance frequency
and extracting the spin distributions as a function of time for a full period after the simulation has
reached a steady state.
Since the pinning of the structures is unknown and the exact profile is uncertain, a matrix of
different combinations of pinning and cross-sectional profile is investigated. Three geometries
are considered based on the growth characteristics of the bar in Fig. 1(b, c), a cylindrical disk; a
lens-shaped, circular disk with a spherically-curved top surface and flat bottom surface (spherical
cap); and a disk with a 1 µm wide ramp from the outer rim to the inner rim, Fig. S1. For each
of these geometries, simulations with no pinning of surface spins, perfect pinning on the top
surface, perfect pinning on the bottom surface, and perfect pinning on both the top and bottom
surfaces is considered. To compare the experimental spectra with the simulations, we considered
the prevalence of the thickness modes and the shape of the strongest peak. The mode spacing does
4
FIG. S1. Left, experimental data of the 9.83 GHz OOP FMR scan of the array of 5 µm disks. Right, array of
the different simulated geometries considered in this study. Blue lines represent the full data and the orange
lines are the full data multiplied by 10 and truncated to better show low-intensity, low-field behavior. Mode
maps of the vertical cross-sections of the mode maps at the disk center for the largest amplitude peak for
each simulated geometry are shown in the upper left of each plot, where dark blue (dark), green (medium),
and yellow (light) represent negative, zero, and positive motion, respectively, at an instant of time. These
are quantized standing modes.
not change appreciably with the disk shape (taper vs. lens), and agrees well with the calculations of
the mode spacing for an unpatterned thin film. The spherical cap used for the lens-type simulations
leads to almost complete suppression of the thickness modes for all of the pinning conditions,
which is not consistent with the experimental spectrum. The strongest peak in the data is smoother
than the jagged combo-like structure of the main peak of the cylindrical simulations that occurs
due to the radial modes. The two simulations that are the closest to the experimental data are
the tapered-disk simulations with top/bottom and bottom-only pinning. The even modes show
up almost as strongly as the odd modes for bottom-only pinning, whereas only the odd modes
are present for top/bottom pinning. As show in Fig. 3(e), resonance peaks that correspond to
even thickness modes are present but weak compared to the odd modes, which suggests that both
surfaces are pinned but that pinning is imperfect on one of the two surfaces, likely the top.
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FITTING METHODS
All fitting is performed in Python with the emcee package4 within the lmfit package.5
Cavity FMR Angular Anisotropy Fitting
Fitting of the red anisotropy curves in Fig. 3(d) are all performed with a modified Eq 2. Squar-
ing both sides and collecting factors of H yields(
ω
γ
)2
= H2+H×4piMs
(−NIP cos(2θ)−NIP cos(θ)2−NOP cos(2ϕ))+
16pi2M2s
(
N2IP cos(θ)
2+NIPNOP cos(2θ)cos(2ϕ)−N2OP cos(θ)2 cos(ϕ)2 sin(ϕ)2
)
, (S.1)
solving for H then yields
H =
−b±√b2−4ac
2a
(S.2)
where
a≡ 1, (S.3a)
b≡ 4piMs(−NIP cos(2θ)−NIP cos(θ)2−NOP cos(2ϕ)), (S.3b)
c≡ 16pi2M2s
(
N2IP cos(θ)
2+NIPNOP cos(2θ)cos(2ϕ)−
N2OP cos(θ)
2 cos(ϕ)2 sin(ϕ)2
)−(ω
γ
)2
. (S.3c)
To account for deviations from high-symmetry directions, θ and ϕ are parameterized in terms of
a new parameter, t. This parameterization allows for fitting through a path along any great circle
of the unit sphere by using the expression
~v1 = sin(θ1)cos(ϕ1)xˆ+ sin(θ1)sin(ϕ1)yˆ+ cos(θ1)zˆ (S.4a)
~v2 = sin(θ2)cos(ϕ2)xˆ+ sin(θ2)sin(ϕ2)yˆ+ cos(θ2)zˆ (S.4b)
η = arccos(~v1 ·~v2) (S.4c)
~vm =
sin(η(1− t))~v1+ sin(ηt)~v2
sin(η)
(S.4d)
where ~vm points to a location on the great circle that intersects ~v1 and ~v2. The location is determined
by the parameter t which steps from ti = 0 to t f = piη in steps of tstep =
t f−ti
18 to produce 10
◦ steps
from 0◦ to 180◦.
6
This correction is only necessary for the bar sample scanned IP to OOP with the applied field
perpendicular to the bar axis (red diamonds in Fig. 3(d)). A path traveling from the IP posi-
tion (θ1 = 90◦, ϕ1 = 90◦) to a position 10◦ away from OOP (θ2 = 10◦, ϕ2 = 90◦) is required
to accurately describe the data. This corresponds to an initial θ offset in the x-direction while
sweeping θ in the y-direction and explains why the red-diamond curve does not kiss the red-circle
and red-square curves at exactly one point.
Broadband FMR Linewidth Fitting
FIG. S2. Representative single scans of various V[TCNE]x features ranging from an unpatterned thin film
to a 5 µm diameter disk array. All scans are done in the OOP (θ = 0) geometry. All growths were 1-hour
long, resulting in a 300 nm thick film for the 5 µm film and 400 nm thickness for the rest. The patterned
thin film is a 2 mm by 2 mm patterned patch of V[TCNE]x . The linewidth is extracted from the fit to the
furthest right lorentzian except for the 25 µm disks where the linewidth is extracted from the largest peak.
7
Figure S2 shows representative linescans from the BFMR measurement setup. The spectra are
fit well by a combination of several lorentzian derivatives. Each lorentzian derivative function has
antisymmetric (absorptive) and symmetric (dispersive) components6 represented by
L′abs( f ) =
aΓ3( f − f0)
(Γ2+4( f − f0)2)2
, (S.5a)
L′disp( f ) =
−dΓ2 (Γ2−4( f − f0)2)
(Γ2+4( f − f0)2)2
, (S.5b)
so each derivative lorentzian in the fit is represented by
L′total( f ) =
aΓ3( f − f0)
(Γ2+4( f − f0)2)2
− dΓ
2 (Γ2−4( f − f0)2)
(Γ2+4( f − f0)2)2
(S.6)
where a is the height of the derivative of the absorptive component, d is the height of the deriva-
tive of the dispersive component, Γ is the full-width at half-maximum of the lorentzian, f is the
independent variable, and f0 is the peak of the lorentzian.
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ANALYTIC RESONANT FIELD CALCULATIONS
Here we find an analytical expression for the spin-wave (or magnetostatic mode) resonant fields
for a normally magnetized cylinder with thickness d and radius R. We first solve Maxwell’s equa-
tions within the magnetostatic regime. Application of the proper boundary conditions at z = ±d2 ,
the top and bottom surfaces of our cylinder, yields the following transcendental equations7,8
tan(kid) = 2
koki
k2i − k2o
, (S.7)
iki√
1+κ
= ko, (S.8)
where ko and ki are the in-plane and out-of-plane wave vectors, respectively, and κ = ΩHΩ2H−Ω2
, with
ΩH =
H+Msλex(k2i +k20)
Ms
, λex = 2Aexµ0M2s andΩ=
ω
γMs . An analytic expression for the resonant spin-wave
fields is then obtained from the Maxwell’s equation coupled to the Laudau-Lifshitz equation, with
the additional assumption that the magnetization is pinned at r = R, which yields7,8
Jm−1 (koR) = 0, (S.9)
→ kno,m−1 =
β nm−1
R
, (S.10)
where β nm−1 is the n
th-zero of the Bessel function of order m−1. Now using Eq. S.8 and Eq. S.10
we obtain8 the following expression for the spin-wave resonant fields
Bznml ≈ µo
ω
γ
+µoMs− 2AexMs
[
k2i,nml+
(β nm−1
R
)2]
− µoMs
2
(
1+
k2i,nmlR
2
(β nm−1)
2
) − µo (Ms)2
8ωγ
(
1+
k2i,nmlR
2
(β nm−1)
2
)2 ,
(S.11)
assuming ωγ Ms
[
2
(
1+
k2i,nmlR
2
(β nm−1)
2
)]−1
. The indices n, m and l represent the radial, angular, and
thickness mode numbers, respectively. The resonant fields in Eq. S.11 are derived using the SI
electromagnetic equations and Bznml has units of Tesla (T). To obtain the resonant fields H
z
nml in
Oersted (Oe) unit, the values obtained from Eq. S.11 should be multiplied by 1×104 Oe/T.
Eq. S.11 does not account for the demagnetization field. A good match with the experimen-
tal data is obtained using the approached described in Kakezei9 that considers an effective de-
magnetization per mode Nnml . To account for the effect of the demagnetization field, we sub-
stitute Ms → MsNnml with Nnml < 1. Fig. S3 shows the resonant fields found using Eq. S.11
for Nnml ∈ [0.865− 0.925]8–10 for different d. The best match with the experimental data is for
9
d = 250 nm. This is smaller than the nominal thickness of the V[TCNE]x disks used in the ex-
periment (300 nm), which we attribute to the fact that the lens shape leads to a smaller effective
thickness. Like the simulations, the analytical calculations also predict a much closer spacing for
the radial modes as compared to the thickness-quantized modes (not shown).
A
m
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itu
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Applied Field, H (Oe)
d=200nm d=250nm
Applied Field, H (Oe) Applied Field, H (Oe)
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FIG. S3. Plot of the resonant fields for the first five thickness modes l = 1,3,5,7 for the angular and
radial modes m = 1 and n = 1 a) d = 200nm, b) d = 250nm and c) d = 300nm. For all three plots,
A = 2.2× 10−10 erg/cm, Ms = 76.57 G, Nnml ∈ [0.865− 0.925], ω = 9.83 GHz, γ = 2.73× 106 MHz/Oe,
and R= 2500 nm. The black line shows the experimental spectrum obtained for the V[TCNE]x cylinder for
the OOP field orientation (θ = 0, ϕ = 0).
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